INTRODUCTION
The removal of both necrotic and vital pulp substrates and microorganisms and their toxins from the root canal system is the basis for a successful endodontic treatment. [1] It has been shown that endodontic lesions do not develop in the absence of bacteria. [2] Primary infections of the endodontic space are mainly caused by obligate anaerobic species, [3] while the most responsible one for endodontic failure is Enterococcus faecalis. [4] This bacterium is able to withstand many intracanal medications [5] [6] [7] and also represents an important microorganism in the biofilm development, inorganic substances that must be removed from the canal walls, dentin tubules, and root canal branches with the aid of root canal irrigants.
The presence of isthmi and anastomosis can make the chemical cleansing of the root canal system very difficult since they can be filled with the smear layer. [16, 17] The ideal features of root canal irrigants include the cleansing lubrication of endodontic instruments and root canal system, the dissolution of inorganic and organic substances, the antimicrobial action, the absence of cytotoxicity, and the inefficacy in the alteration of dental microstructure. [18, 19] 
MATERIALS AND METHODS
The data collection for this narrative review has been performed using the following online databases: PubMed, Ebsco Library, and Web of Science. Only the articles published in the last 40 years have been taken into consideration. The search has been performed in a standardized manner by two reviewers of the dental clinic of the University of Foggia. All the outcomes have been obtained by entering the following keywords or combination of words: endodontic irrigants and vapour lock or effect, apical extrusion and root canal irrigants, or sodium hypochlorite activation and endodontic irrigants activation. The number of results obtained by entering these keywords is illustrated in Table 1 . The article types selected include reviews, clinical trials, and in vitro studies; moreover, all their abstracts have been analyzed to exclude those which are irrelevant or not written in English. For the discussion, many articles written on peer-reviewed journals in the endodontic field, such as the International Endodontic Journal and Journal of Endodontics, have been principally taken into consideration.
All the articles entered in the reference list have been fully studied and discussed. This database search has been done from December 2017 to February 2018.
RESULTS
Using a normal syringe for the irrigation of the root canal system is the most common and the easiest way performed in the clinical practice. By the way, it faces a series of problems just as the vapor lock effect [ Figure 1 ] and a lower degree of disinfection, if compared to its mechanical activation using shaping files or even more by increasing its temperature. These two last methods result having a lower efficacy in the vapor lock removal, especially if compared to the activation of irrigants using sonic/ultrasonic instruments or even to the adoption of a negativepressure gradient, as a way of both delivering and removing the irrigant solutions inside the root canal system. Among these methods, there are many pros and cons about different features: reaction rate, shears stress, apical extrusion of the solution, alteration of the root anatomy, and cost. The use of photoactivation methods, such as laser-activated irrigation (LAI) and photon-induced photoacoustic streaming (PIPS), can increase the reaction rate of the irrigants, but certainly, they have an even increased cost. A more detailed description about the methods listed above will follow in the discussion section. 
DISCUSSION

Irrigants commonly used in endodontics
The root canal irrigants used in the chemical cleansing phase are divided into those with antibacterial action and those with decalcifying action. [20] The most common irrigants are sodium hypochlorite (NaOCl), citric acid, ethylenediaminetetraacetic acid (EDTA), and chlorhexidine. [21] NaOCl is the most widely used irrigant. [22] When poured in water, it dissociates in Na + and OCl − ions. At neutral or acid pH, the predominant form is HOCl, which is responsible for the antimicrobial activity. NaOCl is used at concentrations ranging between 0.5% and 5.25%. [23] NaOCl is the only irrigant that can dissolve the necrotic and the less vital pulp residues [ Figure 2 ], as well as the dentinal collagen, but not the smear layer.
The minimum antibacterial in vitro concentration of NaOCl is 0.5%. [23] However, in vivo, the presence of biofilm and organic material reduces NaOCl efficacy. [24] Therefore, a continuous change of NaOCl and higher concentration seem to have more effect on the biofilm; however, it could expose the patient to more side effects. [24] [25] [26] [27] The critical points of NaOCl are its smell and toxicity and the impossibility of removing inorganic components deposited over anatomical regions, such as isthmi and anastomosis, because they are hard-to-reach spots to be mechanically cleaned by endodontic instruments.
Chlorhexidine digluconate is an endodontic irrigant with an efficient antibacterial activity in an endodontic environment, if used at a concentration of 2%. Chlorhexidine digluconate cannot remove necrotic residues and cannot also be used as a substitute of NaOCl. Its effectiveness is also reduced in the presence of organic residues inside the canal. [28, 29] The most common solution used to eliminate the inorganic residues, but not removed by NaOCl, is a pH 7 solution of EDTA. EDTA has no antibacterial properties but can remove the smear layer deposited by the mechanical action of instruments, making the canal walls accessible again to disinfectants. [30, 31] The use of EDTA along with NaOCl immediately reduces the amount of available chlorine derived from NaOCl. [32] Moreover, the use of NaOCl after removing the smear layer induces dentinal erosion.
Among the various chelators used, citric acid causes a little enlargement of the tubules. At both 10% and 1% concentrations, it is more effective as a decalcifying agent compared to 17% concentrated EDTA. [33] Some authors recommend using a 95% concentrated ethanol solution at the end of the canal disinfection phase to create a more dry environment allowing a deeper penetration of endodontic sealers inside dentinal tubules. [34, 35] New irrigants today used are associated with surfactants, chelators, and tetracyclines such as Tetraclean ® , a mixture of doxycycline hyclate, an acid, and a detergent. [36, 37] It is able to eliminate microorganisms and smear layer in dentinal tubules of infected root canals with a final 5 min rinse; [20] BioPure MTAD is a mixture of antibiotic comprising doxycycline hyclate: 150 mg/5 ml (3%), citric acid (4.25%), and a detergent (0.5%) -polysorbate 80 -or tween 80. It has been investigated as an effective solution for both removing the smear layer and disinfecting the root canal system; [38] QMix, a product that is composed of a polyamino carboxylic acid chelating agent, a bisbiguanide antimicrobial agent, a surfactant, and deionized water. [39] Furthermore, QMix™ does not interact with remnant NaOCl to generate a precipitate if used as directed for the final rinse and its ability to penetrate into patent, smear plug-free dentin to kill bacteria present has been demonstrated using a novel model with potentially significant clinical outcomes and implications. [40] A detailed list of every single type of irrigant used in an endodontic treatment, including their most important features, such as their effects on organic or inorganic tissues, antibacterial activity, and cost, is shown in Table 2 . 
Problems related to the use of irrigants
The root canal system has a large surface consisting of dentinal tubules openings that can be colonized by bacteria. During the shaping phase of endodontic space, [41] the smear layer produced is compacted in the anastomosis, isthmus areas, and over tubules openings produced by the blades of endodontic instruments. The smear layer deposited in these areas consists of inorganic residues and bacterial biofilm that are unlikely to be removed by root canal irrigation. [42] A few key factors are responsible for the effectiveness of an irrigation solution inside the canal system. First, to perform its function, the irrigation solution must be in contact with both the tissues, which it must act on, and the microorganisms to destroy. Frequent, if not continuous, irrigation replacement allows better results, considering the buffering effect due to the loss of chlorine of the dentin [43] and the narrow spaces of the root canal system. Another key factor for the effectiveness of irrigant solutions is their time of action. In fact, to achieve a complete disinfection of the root canal system, one has to let the NaOCl solution act inside the canal for, at least, 30 min, because it has been proven that, if used for a shorter time, the treatment outcome decreases.
A factor directly influencing the cleaning of the root canal system is the one determined by the mechanical effect of irrigants on canal walls, called shear stress. [44] It is the force exerted on the canal surface by the flow of irrigant solutions.
Among the most commonly used instruments for root canal irrigation, syringes with a capacity of <5 ml are used to avoid exerting too much pressure on canal walls, to prevent accidental spills of NaOCl that may stain patients' clothes or irritate their eyes or face. While irrigating the root canal system, the clinician should distinguish, with the help of the dental assistant, the syringe containing NaOCl from the one filled with EDTA, a crucial point for the endodontic success.
Endodontic irrigation needles have a diameter of 0.42 mm -27G or 0.31 mm -30G. Scientific research has shown that the irrigation efficacy is available only around the needle tip of the syringe; therefore, it is highly recommended to use a needle that penetrates as close as possible to the root apex without increasing the risk of leaking NaOCl in the surrounding periodontal space, [45] [46] [47] since not only does it have antimicrobial activity but it also has oxidizing and hydrolyzing features that can lead to severe tissue damages. Some authors have mentioned clinical situations where NaOCl was inadvertently injected into the maxillary sinus [48, 49] or was unintentionally injected into the oral mucosa. [50] This complication occurs in the teeth with wide apical foramina or when the apical constriction is destroyed during root canal preparation. In addition, extreme pressure during irrigation may result in contact of large volumes of the irrigant with the apical tissues.
It is of critical importance for dental practitioners to be able to recognize immediately the clinical signs and symptoms of NaOCl apical extrusion. Such event generally follows a typical pattern, starting with acute pain, swelling, and redness, followed by bruising and then by progressive swelling involving the infraorbital area or mouth angle depending on the site of NaOCl injection. This subsequently leads to a profuse hemorrhage often manifesting intraorally from the orifice of the tooth, leading to numbness or weakness of the facial nerve and secondary infection, sinusitis, and cellulitis. [51, 52] There is not a defined guideline on how to clinically manage this complication; however, daily practice has suggested that treatment should point at the principles of reducing swelling, controlling pain, and preventing secondary infection. Immediate irrigation with normal saline is a key step to reduce tissue damage. Tissue contact with NaOCl should be minimized by allowing the solution and exudates to filter out through the root canal orifices. Local and oral analgesics may be helpful to alleviate pain. External compression along with cold packs on the affected area is advised to relieve discomfort and reduce edema. After about 6 h, cold packs must be replaced by warm compresses for several days. [51] Steroid may be used to minimize edema. Antibiotics might be needed to prevent secondary infection. The routine use of antibiotics is controversial. Antibiotics should be administered only if there is any clinical evidence of wound infection or if necrosis is expected. [50] 
Methods to upgrade irrigant activity
To obtain an appropriate disinfection of the apical portion of the canal, it is important to flood the area using a syringe, an effective method due to the churning of the liquid. [53] Heating the irrigating solution is the most common method to enhance the NaOCl action. This can take place outside the root canal system inside special containers or by heating the syringes or using ultrasonic inserts. [54] High temperatures increase NaOCl reaction rate, positively influencing its antibacterial action and its ability in dissolving organic residues. Heating NaOCl to 50°C-60°C is highly recommended. [54] A simple method to increase NaOCl cleansing action is to shake it inside the canal by moving a gutta-percha cone, adapted to the canal shape, with 2-3-mm amplitude movements inside and the canal. Otherwise, a manual tool such as a carrier, a finger spreader, or a k-file can be used. [55] This movement causes a sufficient hydrodynamic effect making the irrigant solution to penetrate into the narrowest spaces. [56] One must remember that this method is useful in the replacement of the irrigant inside the root canal system only but does not enhance its chemical properties. In other words, shaking the irrigant solution does not improve its reaction rate but increases its surface contact with the canal walls and also reduces the vapor lock effect. The vapor lock effect is the formation of gas bubbles inside the canal, especially in the apical third, caused by the digestion of organic residues by the NaOCl solution, reducing the penetration of irrigants and so blocking their interaction with the canal walls and inhibiting their antimicrobial and digestive activities: using a mechanical activation of the irrigant solutions can reduce this effect. [57] There are other simple and cost-effective methods to increase the action of irrigants. These involve the use of ultrasonic waves. There are two types of ultrasonic activation: first, the passive one, defined as Passive ultrasonic irrigation (PUI), with the introduction of the irrigant solution inside the canal and then the ultrasonic tip, without touching the canal walls, and the second one, defined as ultrasonic needle irrigation (UNI), where the activation of the irrigant solution is performed simultaneously with its administration inside the canal. [58] PUI uses cut-free ultrasonic inserts that reduce the possibility of damages of the canal anatomy due to accidental contact. [59] The vibration of the ultrasonic insert produces an acoustic stream that generates a shear stress sufficient to dislocate the debris of instrumented canals. [60] It inserts vibrate at a frequency of 25-30 kHz, since lower frequencies produce sonic vibrations but not ultrasonic vibrations. Acoustic streaming creates microcavitation (small voids) that implodes shaking the solution inside the canal and improving the removal of the smear layer as well as improving the penetration of the liquid into the apical third of the canal. There is also the improvement of the reaction rate due to the irrigant solution temperature rise. The UNI ultrasonic techniques involve the outflow of the irrigant solution from a 25G diameter needle that simultaneously vibrates at ultrasonic frequencies. [61] This method has the advantage of increasing both the shear stress and the reaction rate, but there is an increased risk of extruding the irrigant solution beyond the apex.
There are also sonic systems to improve the irrigation of root canal system: they produce a movement in the irrigation area that results in improved cleansing compared to traditional irrigation with a single syringe but being inferior if compared to the ultrasonic method. This system causes an increase of the shear stress, improving the elimination of the smear layer but does not increase the reaction rate. [61] [62] [63] If one wants to avoid the extrusion of the irrigant solutions beyond the apex, the use of the EndoVac negative-pressure system is highly recommended. The EndoVac system is composed of three components: the master delivery tip (MDT), the instrument that introduces the NaOCl solution inside the pulp chamber with a metallic tubule while simultaneously aspirating it with a rubber tubule; the macrocannule made of propylene mounted on a titanium insert, which is able to remove the debris from the middle-third and the coronal third of the canal; the microcannule with an external diameter of 0.32 mm and 12 holes of 0.10 mm of diameter located at a 0.2-0.7-mm distance from the tip used to aspirate the NaOCl solution from the apex in the last 0.2 mm of the canal. For its correct application, up to the anatomical apex of the tooth, the canal must have a 4% taper and an apical foramen of at least a diameter of 0.35 mm. The irrigant injected by the MDT into the pulp chamber (that must never be located shorter than 5 mm from the canal opening) floods the canal and then is drained into the microcannule, avoiding so its extrusion beyond the apex and efficiently removing the debris and the gas bubbles from it. [64] All this should be done moving the macro-and micro-cannules up and down inside the canal for 30 s and then leaving them still for 60 s. A proper utilization of this system should be made of three microcycles: the first one using a 5%-6% concentrated NaOCl solution; the second one using a 15%-17% concentrated EDTA solution; and the final one using again a 5%-6% concentrated NaOCl solution. Studies have shown that this method improves antibacterial action compared to the use of a normal syringe, [65] leading to an improvement of the shear stress along the canal walls and the elimination of vapor lock-related issues. LAI has recently been introduced as a photoactivation method and is an efficient one. The mechanism of action consists in the generation of microcavitation and subsequent implosion of irrigant bubbles due to the rapid absorption of laser energy using erbium: yttrium-aluminium-garnet (Er: YAG) and diode lasers. Photoactivation techniques with cavitation lead to better results than ultrasonic methods, if used for the same amount of time, with greater removal of debris, [66] a longer lasting and increased reaction rate, and an increased irrigant temperature. [67] The major disadvantages include the cost of laser and the risk of apex extrusion. [68] The same problems can be found with PIPS. [69, 70] The following technique involves the use of an Er: YAG laser with subassertive power in a pulsating mode, which creates a series of extremely effective photoacoustic waves for the removal of the smear layer. A very detailed comparison between the methods listed above, including their different effects on various features such as vapor lock effect and shear stress, is included in Table 3 .
CONCLUSION
The main problems related to the use of irrigant solutions, which are highly underlined in the literature, are their inability to reach the apical third and most complex anatomical structures (isthmi and anastomosis), their effectiveness being influenced by the presence of infected organic and inorganic debris, the clinical usage time, and their toxicity to the periapical tissues.
The inability to reach the apex to remove the smear layer in an appropriate manner can be solved using ultrasonic activation or photoactivation systems that lead to an improvement of both the shear stress and the reaction rate, with greater antimicrobial activity. [71] However, both can lead to an increased risk of hypochlorite apex extrusion. [72] This can be avoided using the EndoVac negative-pressure system, [73, 74] which provides a canal already shaped with an apex 0.35 mm in diameter. The last two methods also lead to a reduction of the vapor lock effect, which prevents the exchange of the irrigant solution in the apical third. [75, 76] For an ideal irrigation protocol, it is essential to use a 5.25% concentrated NaOCl solution for a suitable time during both the shaping the final irrigation phases, alternating the use of NaOCl with EDTA.
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